-Renal fibrosis is a final stage of many forms of kidney disease and leads to impairment of kidney function. The molecular pathogenesis of renal fibrosis is currently not well-understood. microRNAs (miRNAs) are important players in initiation and progression of many pathologic processes including diabetes, cancer, and cardiovascular disease. However, the role of miRNAs in kidney injury and repair is not well-characterized. In the present study, we found a unique miRNA signature associated with unilateral ureteral obstruction (UUO)-induced renal fibrosis. We found altered expression in UUO kidneys of miRNAs that have been shown to be responsive to stimulation by transforming growth factor (TGF)-␤1 or TNF-␣. Among these miRNAs, miR-21 demonstrated the greatest increase in UUO kidneys. The enhanced expression of miR-21 was located mainly in distal tubular epithelial cells. miR-21 expression was upregulated in response to treatment with TGF-␤1 or TNF-␣ in human renal tubular epithelial cells in vitro. Furthermore, we found that blocking miR-21 in vivo attenuated UUO-induced renal fibrosis, presumably through diminishing the expression of profibrotic proteins and reducing infiltration of inflammatory macrophages in UUO kidneys. Our data suggest that targeting specific miRNAs could be a novel therapeutic approach to treat renal fibrosis. chronic kidney disease; kidney failure PROGRESSIVE RENAL FIBROSIS is the final stage of various chronic kidney diseases that results in renal function impairment and ultimate kidney failure (11, 47) . Renal fibrosis is characterized by leukocytic cell infiltration, tubular cell apoptosis and necrosis, tubulointerstitial fibroblast proliferation, and elevated matrix production (11, 47) . Despite fundamental advances in understanding the pathophysiology of renal fibrosis, definitive therapies remain limited (4, 41) . Therapeutic approaches aimed at novel targets are urgently needed to effectively prevent and/or treat this disorder.
Unilateral ureteral obstruction (UUO) is a well-characterized experimental model of injury leading to renal inflammation and tubulointerstitial fibrosis (6) . Many cellular and molecular characteristics have been identified in UUO kidneys that undergo fibrotic transition, including enhanced expression of proapoptotic genes and profibrotic growth factors, increased infiltration of macrophages, and initiation of epithelial mesenchymal transition (EMT) and endothelial mesenchymal transition (11, 20) . Transforming growth factor-␤1 (TGF-␤1) is one of the most important mediators of fibrogenesis and also regulates recruitment of macrophages in kidneys (18, 22, 25) . Furthermore, TGF-␤ is a crucial inducer of EMT, a key process in the generation of interstitial fibroblasts (46) . microRNAs (miRNAs) are noncoding small RNAs, 22 nt. in length, which bind to the 3=-UTR of target genes and, thereby, repress translation and/or induce degradation of target gene mRNAs (37) . miRNAs have been shown to regulate numerous molecular and cellular processes (37) . Aberrant expression of miRNAs is associated with initiation and progression of pathologic processes including diabetes, cancer, and cardiovascular disease (7, 21, 33, 39) . However, the role of miRNAs in kidney injury and repair is not well-characterized. Improved understanding of the roles that specific miRNAs play in the pathogenesis of kidney injury and repair is likely to suggest important new directions for prevention and treatment of this condition.
In the present study, we found a unique miRNA signature associated with renal fibrosis. We found altered expression in UUO kidneys of miRNAs that have been shown to be responsive to stimulation by TGF-␤1 or TNF-␣. Among these miRNAs, miR-21 demonstrated the greatest increase in fibrotic kidneys. The enhanced expression of miR-21 was primarily located in the tubular epithelial cells. miR-21 expression was upregulated in response to treatment with TGF-␤1 or TNF-␣ in human renal tubular epithelial cells in vitro. We found that blocking miR-21 in vivo attenuated UUO-induced renal fibrosis, presumably through diminishing the expression of profibrotic proteins and reducing infiltration of inflammatory macrophages in UUO kidneys.
MATERIALS AND METHODS
Experimental renal fibrosis model. The study protocol was approved by the Institutional Animal Care and Use Committee at the University of Alabama at Birmingham and in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. UUO surgery was performed as previously described (16) . Mice were anesthetized with inhalation of isoflurane (2.5%). In the UUO group, the left ureter was exposed through a midabdominal incision and ligated twice, ϳ1 cm below the renal hilum, using a 4 -0 silk suture. Sham operation was done in a similar manner, without ureteral ligation. At the indicated time point, all mice were killed and kidneys were harvested. miRNA array. Total RNAs were isolated from mouse kidneys harvested at 0, 3, and 7 days after UUO with miRNAeasy Mini Kit (Qiagen). The miRNA array was performed by Exiqon using miRCURY LNA microRNA Array (Exiqon).
Reagents. LNA-modified control knockdown and miR-21 knockdown probes for in vivo applications were synthesized by Exiqon.
Northern blotting. The assay was performed as previously described (27) . Briefly, total RNA (10 g) was resolved on a 12% denatured polyacrylamide gel containing 8 M urea. The RNA was then transferred to a Hybond nylone membrane (GE Life Sciences). After UV crosslinking, the membrane was incubated in prehybridization buffer [50% formamide (USB), 0.5% SDS, 5 ϫ SSC (USB), 5 ϫ Denhardt's solution (USB)] and 20 g/ml sheared, denatured, salmon sperm DNA (Invitrogen) at 55°C for 30 min and then hybridized with specific ␥-P 32 -labeled human LNA miR-21 probes (Exiqon) at 55°C for 24 h. The membrane was washed for 10 min three times with buffer (0.5% SDS, 2 ϫ SSC) and exposed to film. After hybridization with miR-21 probes, the membrane was stripped and reblotted with specific ␥-P 32 -labeled mouse U6 probes (Exiqon) as loading controls. In situ hybridization. The assay was performed as previously described (26) . Briefly, mice were killed and the kidneys were embedded with OCT (Fisher Scientific). Ten-micrometer-thick frozen sections were prepared. The sections were dried at room temperature for 30 min, followed by fixation in 4% paraformaldehyde (Fisher) for 30 min. The sections were treated in acetylation solution for 10 min and then in PBS containing 10 g/ml proteinase K (Sigma) for 5 min. Sections were then blocked with hybridization solution for 4 h at room temperature and incubated with digoxigenin (Dig)-conjugated miR-21 probes (Exiqon) or Dig-conjugated control probes with scrambled sequence (Exiqon) overnight. The sections were washed with 0.2 ϫ SSC followed by incubation with horseradish peroxidase-conjugated anti-Dig antibody (Roche) overnight at 4°C. After being washed three times with buffer B1, the sections were developed with NBT/BCIP (Roche) for 24 h, with light blue cytoplasmic staining being positive. The sections were double stained with fast red to manifest nuclei.
Cell culture. The human renal tubular epithelial cell line, HK-2, was purchased from American Type Culture Collection (ATCC) and cultured according to the ATCC instructions.
Real-time PCR. The assay was performed as previously described (27) . TaqMan probes for hsa-miR-21, hsa-miR-142-3p, hsa-miR-142-5p, hsa-miR-214, hsa-miR-223, hsa-miR-101a, hsa-miR-193, hsa-miR-218, and mouse Sno135 were purchased from Applied Biosystems. The expression of ␣-smooth muscle actin (SMA), fibronectin, Col1A1, Col1A2, PAI-1, TGF-␤1 was determined using SYBR Green Master Mix kit (Roche). GAPDH or HPRT was used as an internal control. The sequences of the primers: mouse HPRT: sense, 5=-GGGACATAAAAGTTATTGGTGGAGATG-3=; antisense, 5=-CAACAACAAACTTGTCTGGAATTTCAA-3=; human fibronectin: sense, 5=-GTGTTGGGAATGGTCGTGGGGAATG-3=; antisense, 5=-CCAATGCCACGGCCATAGCAGTAGC-3=; mouse fibronectin: sense, 5=-TCTGGGAAATGGAAAAGGGGAATGG-3=; antisense, 5=-CACT-GAAGCAGGTTTCCTCGGTTGT-3=; human ␣-SMA: sense, 5=-CAT-CACCAACTGGGACGACATGGAA-3=; antisense, 5=-GCATAGCCCT-CATAGATGGGGACATTG-3=; mouse ␣-SMA: sense, 5=-GACGCT-GAAGTATCCGATAGAACACG-3=; antisense 5=-CACCATCTCCA-GAGTCCAGCACAAT-3=; mouse TGF-␤1: sense, 5=-AGCGGACTAC-TATGCTAAAGAGGTCACCC-3=; antisense, 5=-CCAAGGTAAC-GCCAGGAATTGTTGCTATA-3=; mouse Col1A1: sense, 5=-GGAG-GGCGAGTGCTGTGCTTT-3=; antisense, 5=-GGGACCAGGAGGAC-CAGGAAGT 3=; mouse Col1A2: sense, 5=-TGGTCTTACTGGGAA-CTTTGCTGC-3=; antisense, 5=-ACCCTGTGGTCCAACGACTCCTCTC-3=; mouse GAPDH: sense, 5=-CGACTTCAACAGCAACTC-CCACTCTTCC-3=; antisense, 5=-TGGGTGGTCCAGGGTTTCTTACTC-CTT-3=; human GAPDH: sense, 5=-GCTGGCGCTGAGTACGTCGTG-GAGT-3=; antisense, 5=-CACAGTCTTCTGGGTGGCAGTGATGG-3=.
Picrosirius red staining to determine collagen deposition. The kidney sections were deparaffinized with xylene and then rehydrated in water through graded ethanol. The sections were incubated with Weigert's hematoxylin for 8 min to stain nuclei and then washed with water for 10 min. The sections were incubated in picrosirius red for 1 h followed by two washes with acidified water. The sections were then dehydrated, cleared, and mounted in a resinous medium. The area of collagen deposition, stained red by picrosirius red staining, was measured by color image analysis software (Image-Pro Plus, Media Cybernetics).
Immunofluorescence. Mouse kidneys were fixed with 10% formalin solution and embedded in paraffin. Ten-micrometer-thick sections were prepared, deparaffinized with xylene, and then rehydrated in water through graded ethanol. Antigen retrieval was performed in a pressure cooker in Tris-EDTA solution, pH 9.0, for 5 min. After incubation in TBST buffer for 10 min, the sections were blocked with affinity-purified goat anti-mouse IgG (HϩL). The sections were then incubated with mouse anti-CD11b (Abcam, Cambridge, MA) antibodies overnight at 4°C and FITC-conjugated secondary antibody for 60 min. Finally, the sections were counterstained with DAPI. A total of 13 images (5 cortex, 5 medulla, and 3 papilla) was taken from each section. CD11b-positive cells were counted and the total number of cells per section was used to calculate the average.
Statistical analysis. One-way ANOVA followed by the HolmSidak or Tukey-Kramer test was performed for multiple group comparisons. The Student's t-test was used for comparison between two groups. P Ͻ 0.05 was considered significant.
RESULTS
miRNA expression is altered in kidneys with UUO-induced fibrosis. To determine whether miRNAs play a role in the initiation and progression of kidney fibrosis, we performed a miRNA expression profiling in kidneys with UUO-induced fibrosis and in the contralateral kidneys. We found multiple miRNAs that demonstrated altered expression at days 3 and 7 following UUO compared with the contralateral kidneys ( Fig. 1) . Most notable among the upregulated miRNAs were miR-21, 142-3p, 142-5p, 214, and 223, while miR-101a, 193, and 218 were significantly downregulated. Given that miRNAs are important in many pathophysiological processes, these data suggest that specific miRNAs may participate in the perpetuation of renal fibrosis in response to kidney injury caused by UUO.
To confirm the findings with the miRNA array analysis, we performed real-time PCR assays on selected miRNAs that demonstrated the greatest alterations in the UUO kidneys. As shown in Fig. 2 and consistent with the miRNA array analysis, the expression of miR-21, miR-142-3p, miR-142-5p, miR-214, and miR-223 was significantly increased, whereas the expression of miR-101a, miR-193, and miR-218 was substantially decreased, in the UUO kidneys. Of note, many of the miRNAs with altered expression in the UUO kidneys have been previously shown to be responsive to profibrotic growth factors, such as TGF-␤1, or to participate in inflammatory responses (2, 8, 9, 15, 36, 38) . Given that inflammation, as well as profibrotic growth factors, including TGF-␤1, is centrally involved in abnormal repair of various kidney injuries and in kidney fibrosis (10, 18, 22, 25, 31, 32, 35) , the present data suggest that specific miRNAs may play a role in kidney injury repair and the associated fibrosis through regulating the inflammatory and fibrotic responses in the kidney.
miR-21 expression is upregulated in fibrotic kidneys. As shown in the miRNA array and the real-time PCR analyses, miR-21 expression demonstrated the greatest increase in the UUO kidneys compared with that in the contralateral and sham kidneys. To further characterize the kinetics of miR-21 expression in the kidneys with UUO, we performed Northern blotting and found that miR-21 expression remained unchanged within the first 6 h after UUO, but it was markedly enhanced at 24 h after UUO (Fig. 3A) . The expression of miR-21 continued to rise 1 day after the obstruction and remained elevated even at 7 days after UUO. These data suggest that miR-21 may participate in the pathogenesis of renal fibrosis caused by UUO.
To determine the localization of the enhanced expression of miR-21, we performed in situ hybridization (ISH) assays. As shown in Fig. 3B, miR-21 was expressed primarily in the cortex, with minimal expression in the medulla and papilla of the contralateral kidneys. The expression of miR-21 was strikingly enhanced in kidneys with UUO for 7 days (Fig. 3B) . Furthermore, we found that the enhanced expression of miR-21 was localized mainly in the cytoplasm of distal tubular epithelial cells within the cortex, medulla, and papilla of the UUO kidneys (Fig. 3C) . Of note, the ISH assays using probes with a scrambled sequence demonstrated minimal background staining (Fig. 3, B and C, scramble) , suggesting that the staining with miR-21 probes was specific for miR-21.
miR-21 expression is upregulated in TGF-␤1-, TNF-␣-, or aristolochic acid-treated human renal epithelial cells.
Numerous studies demonstrated that TGF-␤1 is one of the most important mediators of tissue fibrosis (22, 25) . It has been also shown that macrophages play a central role in renal fibrosis by producing a number of proinflammatory cytokines, such as TNF-␣, growth factors, and reactive oxygen species (31, 32, 35). Since miR-21 expression is significantly upregulated in the tubular epithelial cells of UUO kidneys, we next investigated whether TGF-␤1 or TNF-␣ enhances miR-21 expression in human renal tubular epithelial cells in vitro. As shown in Fig. 4A , TGF-␤1 or TNF-␣ treatment resulted in a modest but significant increase in miR-21 expression in renal epithelial cells. Of note, the expression of TGF-␤1 was also significantly increased in UUO kidneys (Fig. 4B) . These data suggest that the enhanced expression of miR-21 in UUO kidneys is mediated by TGF-␤1 and/or TNF-␣. In addition, using aristolochic acid (AA), which is a well-known profibrotic molecule, we observed similar pattern of increase in the level of miR-21 expression (Fig. 4C) . Of note, AA treatment led to increased expression of fibronectin and collagen 1A1, consistent with previous studies (45) .
Blocking miR-21 in vivo diminishes UUO-induced kidney fibrosis. We showed that miR-21 expression is remarkably increased in fibrotic kidneys. We next determined whether blocking miR-21 in kidneys affects UUO-induced renal fibrosis. To do this, mice were injected intraperitoneally with control probes or anti-miR-21 probes before UUO. As shown in Fig. 5A , top, miR-21 expression was increased in the kidneys with UUO, as expected. We found that miR-21 was sequestered in the kidneys of mice that were given anti-miR-21 probes, as demonstrated by the retarded migration of the miR-21:anti-miR-21 dimers in PAGE gels (Fig. 5A, bottom) . Next, we determined the extent of kidney fibrosis in these mice. As shown in Fig. 5 , B and C, collagen deposition in UUO kidneys was increased compared with that in the contralateral kidneys. However, blocking miR-21 significantly attenuated Fig. 2 . Expression of specific miRNAs is altered in kidneys with UUO-induced fibrosis. A and B: mice experiments were performed as in Fig. 1 . The levels of specific miRNAs were determined by real-time PCR assays. *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001 vs. day 0. Fig. 1 . microRNA (miRNA) expression is altered in kidneys with unilateral ureteral obstruction (UUO)-induced fibrosis. At 0, 3, and 7 days after UUO surgery, mice were killed and the obstructive kidneys (left kidneys) were harvested. Kidney RNA was isolated and miRNA array analysis was performed. Unsupervised hierarchical clustering is presented (n ϭ 3/group).
collagen deposition in UUO kidneys (Fig. 5, B and C) . We also found that blocking miR-21 diminished the enhanced expression of collagen 1A1, collagen 1A2, fibronectin, SMA-␣, and PAI-1 in UUO kidneys, consistent with reduced collagen deposition after antagonizing miR-21 (Fig. 5D) . Furthermore, we found that blocking miR-21 decreased the enhanced expression of TGF-␤1 (Fig. 5D) .
Blocking miR-21 reduces macrophage infiltration in UUO kidneys. It has been previously shown that macrophages are key players in UUO-induced renal fibrosis (31, 32, 35) . As shown in Fig. 6 , blocking miR-21 significantly decreased macrophage infiltration in UUO kidneys. These data suggest that the inhibitory effects of miR-21 blockage on UUO-induced renal fibrosis may be due to the reduced macrophage infiltration and the associated decrease in production of profibrotic factors, such as TGF-␤1.
DISCUSSION
Renal fibrosis is a final stage of many forms of kidney disease and leads to impairment of kidney function (11, 47) .
There is currently no definitive treatment for renal fibrosis, which reflects the incomplete understanding of the molecular pathogenesis of this disease (4) . miRNAs recently emerged as critical players in many pathophysiological processes and have been shown to participate in the progression of some forms of kidney disorders such as acute kidney injury, renal cell cancer, polycystic kidney disease, chronic transplant rejection, diabetic kidney disease, and others (3, 23, 29) . However, how miRNAs regulate renal fibrosis remains unclear. In the present study, we performed miRNA expression profiling in a well-established renal fibrosis model and found a unique miRNA signature associated with UUO.
We found that many miRNAs that demonstrate altered expression in UUO kidneys have been previously shown to be responsive to TGF-␤1 stimulation and/or be involved in inflammatory responses. Among those, miR-223 regulates myeloid progenitor proliferation and granulocyte differentiation as well as activation (15) . Therefore, miR-223 may participate in renal fibrosis by regulating macrophage activation and differentiation in UUO kidneys. miR-214 inhibits monocyte apoptosis by targeting PTEN (14, 44) , which suggests that the enhanced miR-214 expression may contribute to renal fibrosis through its negative regulation of macrophage apoptosis in UUO kidneys. miR-218 regulates cell migration via the SLIT-ROBO pathway (40) . The diminished expression of miR-218 could promote the motility of renal tubular epithelial cells that undergo EMT. As shown in numerous previous studies, infiltration of macrophages that produce proinflammatory cytokines and profibrotic growth factors is a crucial event in the pathogenesis of renal fibrosis (10, 31, 32, 35) . Therefore, it is likely that the proinflammatory cytokines and profibrotic growth factors produced by macrophages regulate the expression of these specific miRNAs in response to kidney injury. Reciprocally, these miRNAs could regulate the infiltration of macrophages and the production of proinflammatory cytokines and profibrotic growth factors by the macrophages, thereby participating in the fibrogenesis in UUO kidneys.
We found that miR-21 demonstrates the greatest increase of expression in UUO kidneys. miR-21 is a versatile miRNA that is involved in a variety of physiological and pathological events (19) . It should be emphasized that the enhanced expression of miR-21 is localized primarily in the tubular epithelial cells of UUO kidneys, suggesting that miR-21 exerts its activity of regulating renal fibrosis via tubular epithelial cells. The role of tubular epithelial cells in renal fibrosis has been wellestablished in that they are the first responders to kidney injury through producing inflammatory cytokines and chemokines that subsequently promote macrophage infiltration (1). Furthermore, tubular epithelial cells potentially contribute to the origin of matrix-producing interstitial fibroblasts via EMT (11) . Therefore, miR-21 may participate in renal fibrosis by regulating the activation and/or EMT of renal tubular epithelial cells. Fig. 3 . miR-21 expression is upregulated in fibrotic kidneys. A: mice underwent sham or UUO surgery. At 0 and 6 h and 1, 2, 3, and 7 days after UUO, the mice were killed and both kidneys [left: obstructive kidneys (UUO); right: contralateral kidneys (CL)] were harvested. Kidney RNA was isolated and Northern blotting was performed. The PAGE gels were stained with ethidium bromide before transfer to manifest 5S rRNA serving as loading controls. B: at 7 days after UUO, the mice were killed and both kidneys were harvested. Frozen sections were prepared and in situ hybridization (ISH) assays were performed as described in MATERIALS AND METHODS using specific miR-21 probes and probes with scrambled sequence serving as negative controls. The original digital microphotographs were ϫ4. C: experiments were performed as in B. The original digital microphotographs were ϫ40. The images in the squares were enlarged for detailed manifestation (UUO ϫ120). A: human renal tubular epithelial cells were treated without or with 10 ng/ml TNF-␣ or 10 ng/ml TGF-␤1 for 48 h. Cells were harvested and RNA was isolated. The levels of miR-21 were determined by Northern blotting. B: at 0 and 7 days after UUO, mice were killed and both kidneys were harvested. Kidney RNA was isolated and TGF-␤1 expression was determined by realtime PCR (n ϭ 7). C: renal tubular epithelial cells were treated without or with 5 g/ml AA for 48 h. Cells were harvested and RNA was isolated. The levels of miR-21, Col1A1, and smooth muscle actin (SMA)-␣ were determined by real-time PCR assays; n ϭ 3/group. *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001 vs. time 0. On the second day after the last injection, UUO surgery was performed. At 12 days after UUO, mice were killed and both kidneys were harvested. Kidney RNA was isolated and the levels of miR-21 and U6 were determined by Northern blotting. B: experiments were performed as in A. Kidney sections were prepared and Picrosirius red staining was performed to manifest collagen deposition. C: ten random fields were selected from each section for digital quantification (n ϭ 7/group). *P Ͻ 0.05 vs. UUO kidneys in the control group. D: experiments were performed as in A. Kidney RNA was isolated and the expression of Col1A1, Col1A2, Fn, SMA-␣, PAI-1, and TGF-␤1 was determined by real-time PCR (n ϭ 7/group). *P Ͻ 0.05, **P Ͻ 0.01 vs. UUO kidneys in the control group.
It must be noted that although the evidence to support EMT is overwhelming, there are still controversial questions that remain to be unequivocally answered, particularly with recent work highlighting the role of pericytes and nontubular epithelial cells as precursor cells of myofibroblasts in models of renal fibrosis (12, 13, 20, 24, 28) . Whereas proximal tubules are the primary site of various forms of kidney diseases, our data show that the enhanced expression of miR-21 appears to localize mainly to the distal tubular epithelial cells in UUO kidneys. Further colocalization studies using nephron segment-specific markers would be required to confirm these findings. Given that miR-21 blockade demonstrates beneficial effects in attenuating UUO-induced renal fibrosis, our finding showing enhanced miR-21 expression in distal tubular epithelial cells may shed new light on the role of distal tubules in obstructive nephropathy.
Previous studies, including those from our laboratory, showed that miR-21 regulates both lung and heart fibrosis by enhancing the fibrogenic activity or promoting the proliferation of interstitial fibroblasts (26, 39) . The mode of action for miR-21 in renal fibrosis could be distinct from that in the heart or lungs because the cell populations that harbor the enhanced miR-21 expression are different and the pathogenesis of kidney injury is unique based on the diverse nature of cells in the kidney (26, 39, 47) . It is also likely that miR-21 participates in fibrogenic events in kidneys, lungs, heart, or other organs by regulating a unique array of targets. Of note, Smad7 and Spry1, the two genes that miR-21 targets in the heart and lungs (26, 39) , appear not to be modulated in kidneys by miR-21 (data not shown). Therefore, we acknowledge that deciphering the target molecules of miR-21 in renal fibrosis is essential and will be elucidated in the future. On the second day after the last injection, UUO surgery was performed. At 4 days after UUO, mice were killed and both kidneys were harvested. Kidney sections were prepared and immunofluorescence assays were performed using anti-CD11b antibodies to determine macrophage infiltration in the kidneys. DAPI was used to stain nuclei. B: quantification of macrophage infiltration was performed as described in MATERIALS AND METHODS (n ϭ 7/group). *P Ͻ 0.05 vs. UUO kidneys in the control group.
Although miR-21 expression is remarkably enhanced in UUO kidneys, treatment with TGF-␤1 or TNF-␣ alone of renal tubular epithelial cells in vitro only leads to a modest upregulation compared with the in vivo results. These data suggest that the enhanced expression of miR-21 in UUO kidneys could be a result of combined actions of multiple cytokines and growth factors, such as TNF-␣, FGF-2, and TGF-␤1. In addition, it has been previously shown that specific miRNAs are differentially expressed in hearts that undergo pressure overload and in endothelial cells in response to pulsatile shear flow (34, 39, 42) . These data suggest that the mechanical stimuli that are caused by ureteral obstruction may also generate direct or indirect effects on miRNA expression in UUO kidneys. Nevertheless, the present data suggest that the elevated expression of miR-21 in UUO kidneys is mediated by proinflammatory cytokines and profibrotic growth factors, which are crucial in the pathogenesis of renal fibrosis (22, 25) .
We found that miR-21 blockage attenuated UUO-induced renal fibrosis, which suggests that miR-21 could be a potential target for development of novel therapeutic approaches to treat renal fibrosis. However, it should be noted that the efficiency of miR-21 blockade in treating renal fibrosis is not as robust compared with those demonstrated in the heart and lungs (26, 39) . These findings suggest that the effectiveness of miR-21 blockade could be tissue-type dependent because the enhanced miR-21 expression is located in different cell populations of the heart, kidneys, and lungs. miR-21 expression is enhanced primarily in renal tubular epithelial cells. Given that previous studies demonstrated that miR-21 is anti-apoptotic and that apoptosis leads to loss of tubular epithelial cells, decreased reepithelialization, and sustained inflammation, thereby promoting kidney interstitial fibrosis (5, 6, 10, 17, 30, 43) , the anti-fibrotic activity of miR-21 blockade could be partially offset by a potential increase in tubular epithelial cell apoptosis, which reflects a complicated consequence after miR-21 blockade. Nevertheless, we identified a few miRNAs with prominent alterations in UUO kidneys that are involved in regulation of apoptosis. Therefore, it is warranted to target these specific miRNAs, simultaneously or sequentially, with miR-21 blockade to improve the efficiency in treating renal fibrosis.
